Pediatr. Res. 15: 859-865 (1981) pmoles/g) hr, whereas UDP-glucose concentrations were significantly elevated in these pups during fetal, 3, 9, and 24 hr of age. Phosphoenolpyruvate was higher after maternal starvation in the fetus and at 6 and 9 hr, whereas cerebral pyruvate concentrations were elevated at 3, 6, and 9 hr of age. The elevation of pyruvate with no alteration of lactate concentration resulted in an elevated cytoplasmic NAD/NADH ratio at 3 hr of age (1381 f 194 versus 792 2 198). Cerebral a-ketoglutarate and calculated oxaloacetate concentrations were elevated throughout the day after maternal starvation whereas malate concentrations were depressed at 3 and 9 hr of age. Cerebral energy charge was unaffected, whereas the calculated energy reserve was lower a t 3.6, and 24 hours. Cerebral amino acids demonstrated elevated aspartate concentrations at 3 and 6 hr. Cerebral glutamine concentrations were lower during fetal stage (7.86 2 0.52 versus 10.01 0.41 pmoles/g) and 3, 6, and 9 hr of life.
Speculation
These data suggest that cerebral glycogen synthesis was diminished and that the oxidation of cerebral amino acids, in particular glutamine, may contribute to maintain cerebral energy production during the relative fasting neonatal hypoglycemia which develops in pups after maternal starvations.
Nutritional deprivation during pregnancy may result in significant maternal and fetal hypoglycemia (2, 15, 17, 18) . Fasting in pregnant humans and rats is characterized by an accelerated decline of maternal blood glucose concentrations and a reciprocal rapid elevation of ketone body levels (17) . Consequently, the provision of glucose for fetal oxidative metabolism diminishes while the potential for fetal ketone body utilization increases (2, 3) . In addition, maternal ovine starvation significantly reduces fetal glucose consumption while acutely increasing the utilization of amino acids to support fetal oxidative metabolism (35) .
Fetal hypoglycem~a' may have adverse effects on cerebral functional integrity. During insulin induced hypoglycemia, the ovine fetal electroencephalogram may demonstrate slowing and decreased voltage (27) . This investigation also noted that fetal cerebral oxygen consumption was not altered during hypoglycemia and that the cerebral uptake of alternate fuels was not augmented. These observations suggested that substrates endogenous to the fetal brain may have been oxidized to maintain cerebral energy production. Similar observations have been made during insulin induced hypoglycemia in adult rats (30) . In addition, these investigations demonstrated a decline in murine cerebral glycolytic, tricarboxylic acid cycle, and amino acid intermediate pools (23. 30) . These data further suggested that the utilization of endogenous cerebral substrates may serve as alternate fuels for energy production during periods of hypoglycemia.
Many of the models utilized to investigate hypoglycemia during fetal and neonatal life required the administration of insulin. Hyperinsulinism is not frequently observed during the fetal or neonatal hypoglycemia which follows maternal nutritional deprivation or intrauterine growth retardation. Insulin administration may also interfere with the systemic mobilization of alternate fuels because insulin inhibits lipolysis and subsequent hepatic ketogenesis (8) . Presently there is little information pertaining to neonatal intracerebral metabolism during spontaneous hypoglycemia after maternal nutritional deprivation. This is a particularly important problem for intrauterine growth-retarded human newborns (I I). During the investigation of the effects of maternal canine starvation on neonatal glucose homeostasis, significant fasting hypoglycemia developed (20) . To evaluate the cerebral cortical metabolic events resulting from maternal canine starvation and subsequent neonatal hypoglycemia, we have determined cerebral glycolytic and tricarboxylic acid cycle intermediates as well as high-energy phosphate compounds. Because the "glutamate" group of cerebral amino acids is potentially a source of endogenous fuels, the relationship between these amino acids and their tricarboxylic acid cycle ketoacids was also investigated.
MATERIALS A N D METHODS

MATERIALS
Alanine aminotransferase, amyloglucosidase (grade 11), asparate aminotransferase (type I), citrate lyase, creatine phosphokinase (type I), glucose-6-phosphate dehydrogenase (type XV). glutaminase (grade V), hexokinase (type C-301). lactate dehydrogenase (type 11), malic dehydrogenase, myokinase (grade 111), phosphoglucose isomerase (type IV), pyruvate kinase (type II), and uridine-5'-diphosphoglucose dehydrogenase (type 111) were purchased from Sigma Chemical Co., St. Louis, MO. Glutamate dehydrogenase (A-grade) was purchased from CalBiochem, La Jolla. CA. All chemicals, cofactors. and standards were reagent grade.
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I EXPERIMENTAL DESIGN
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MOTHERS
Before a term delivery, five dogs were given free access to water and starved for 72 hr, whereas five control mothers were fasted overnight. Before cesarean section, intravenous anesthesia was induced with 5 mg/kg of chlorpromazine while the abdominal incision site was infiltrated with 2% lidocaine.
PUPS
I
Fetal liver and brain from each litter were obtained immediately after delivery of the pup. Pups to be investigated later during the day were then delivered and removed from their amnionic membranes, stimulated, completely dried, and placed in a warmed incubator. All pups were healthy, viable, full-time, and acyanotic while breathing room air. Once stablized, pups had arterial and venous catheters (Argyle, St. Louis, MO) gently placed in their umbilical vessels and were then returned to the incubator. All pups rested quietly for the duration of the investigation.
After periods of neonatal fasting lasting 3,6, 9, or 24 hr, a blood sample was withdrawn and replaced with an equivalent volume of isotonic saline. Then neonatal liver and cerebral cortex were rapidly isolated utilizing a double guillotine designed to simultaneously transect the abdomen and cranium. Immediately after being exposed (less than 3 sec), cerebral cortical tissue was quickly brought to the temperature of liquid nitrogen with previously cooled aluminum clamps. Tissue was subsequently stored at -80°C until analyzed. This investigation concerns the analysis of cerebral cortical data.
ANALYSES CIRCULATING SUBSTRATES
Blood samples were precipitated with 10% perchloric acid and neutralized with K2CO:,. Glucose and lactate were enzymatically determined from the supernatant (1). Plasma acetoacetate and Phydroxybutyrate were determined enzymatically (5) . and free fatty acids were assayed by the colorimetric method of Novak (3 1) after extraction with Dole's reagent (13) .
INTRACEREBRAL SUBSTRATES AND INTERMEDIATES
The frozen cerebral cortical tissues were weighed and pulverized to a fine powder at the temperature of dry-ice, extracted, and homogenized with 3 M perchloric acid in combination with 10 mM EDTA and then rapidly neutralized with 2 M K2COa at O°C. Cerebral glycogen was extracted and assayed enzymatically by the method of Vannucci and Duffy (36) . Cerebral concentrations of uridinediphosphoglucose, glucose, glucose-6-phosphate, fructose-6-phosphate, lactate, pyruvate, phosphoenolpyruvate (PEP), malate, citrate, and a-ketoglutarate were determined fluorometrically following Lowry's methods (26) with minor modifications. Cerebral adenine nucleotide concentrations (ATP, ADP, and AMP) and creatine phosphate were assayed according to Lowry and Passonneau (26) . Glutamine was determined according to Bergmeyer (5) and alanine. aspartate, and glutamate according to Lowry and Passonneau (26) . Immediately after acid extraction and neutralization, aliquots were divided and stored at -80°C. ATP. ADP, AMP, and creatine phosphate were assayed as soon as possible, but never later than 1 wk after neutralization. After these initial determinations, the remaining intermediates were performed. All analyses were assayed in duplicate.
CALCULATIONS
The cytoplasmic NAD/NADH ratio was calculated from the equation ( 
12):
where KLDH = I I I X lo-' at pH 7.0. Oxaloacetate was calculated from the equation (12) where K C~T = 6.61 at pH 7.0. Cerebral energy charge was calculated from the equation (4):
Cerebral energy reserve was calculated as follows ( 
Energy reserve = (creatine phosphate + ADP) + 2 (ATP + glucose) + 2.9 (glycogen)
STATISTICAL ANALYSES
All notations are recorded as the mean f standard error of the mean (S.E.). Concentrations are expressed as pmoles/g tissue wet weight. Standard calculator programs were used for Student's t test analysis of data,between the groups.
RESULTS CIRCULATING FUELS (TABLE I )
As noted in Table 1 , 72 hr of maternal canine starvation had no effect on maternal or fetal blood glucose concentrations at the time of delivery. However, after birth. the blood glucose concentration in pups of starved mothers was significantly depressed after 3. 6. 9, or 24 hr of neonatal fasting. Despite this relative hypoglycemia, both groups of pups had similar neurological behavior and activity. Maternal starvation had no effect on maternal. fetal, or fasting neonatal blood lactate concentrations; however, there were significant elevations of both maternal and fetal plasma ketone bodies and free fatty acids. After birth, neonatal total ketone body concentrations declined and became equivalent in both pup groups; however, plasma free fatty acid levels were depressed in pups of starved mothers after 3 hr of neonatal fasting. During the remainder of the study, free fatty acids achieved control values and were not significantly different throughout the day.
INTRACEREBRAL METABOLITES
Cerebral Glyco[vtic Intermediates (Figs. I and 2).
Fetal cerebral glycogen content was not affected by 72 hr of maternal starvation. After birth. cerebral glycogen values increased in control pups and achieved maximum concentrations at 6 hr of age. Pups subjected to prior maternal starvation had an initial elevation of cerebral glycogen content at 3 hr of age; however, by 6 and 24 hr. glycogen levels were now significantly lower than in control pups. Intracerebral UDP-glucose levels were stable in control pups from fetal to 6 hr of life and then declined at 9 and 24 hr. In contrast, after maternal starvation, cerebral UDP-glucose concentrations were elevated throughout the first day, being significant during fetal life and after 3, 9, and 24 hr of neonatal fasting.
Fetal cerebral glucose as well as blood glucose concentrations were unaffected by prior maternal starvation. After birth, cerebral glucose values in control pups rose, paralleling the rise in blood glucose, whereas the cerebral glucose concentrations in pups of starved mothers became significantly depressed at 3 hr 'of age. Cerebral glucose values remained significantly lower than in controls f 6 m this time until 9 hr of a$; nonetheless, by 24 hr of age cerebral glucose levels were equivalent in both groups. To determine the relationship of the cerebral glucose to circulating glucose concentration, the cerebral glucose to blood glucose ratio was calculated. This ratio may also be used as an indicator of intracerebral glucose utilization. During the day, the ratio remained the same in control pups. whereas in pups of starved mothers, it was significantly elevated after 3 and 24 hr of neonatal fasting.
Fetal and neonatal cerebral glucose-6-phosphate concentrations were stable throughout the day and were unaffected by prior 86 1 Table 1 . Effect of maternal starvation on blood and plasma levels of fuels in canine mother, fetus, and newborn (pmoles/ml) (Hours) maternal starvation. Cerebral fructose-6-phosphate was signif- Fig. I . Effect of maternal canine starvation on fetal and neonatal cantly lower in the fetus after maternal starvation, but thereafter cerebral glycogen, UDP-glucose, glucose, glucose-6-phosphate, and fruc-neonatal values were equivalent during the day. tose-6-phosphate concentrations (pmoles/g) and cerebral-to-blood glucose As noted in Figure 2 , intracerebral concentrations of PEP were (CG/RG) ratio (mean + S.E.). 0, control pups: Ed, prior maternal starva-significantly elevated after maternal starvation during fetal life tion. Numbers in parentheses, number of pups.
and at 6 a n d 9 hr of age. Although fetal cerebral pyruvate values KLIEGMAN ET AL. 
:' P < 0.01 P < 0.005
were not significantly elevated, after birth, intracerebral pyruvate concentrations became significantly higher at 3, 6, and 9 hr of age in pups subjected to prior maternal starvation. As expected, cerebral lactate levels were higher in the fetus than the neonate. Prior maternal starvation and the vanous postnatal periods of fasting produced no differences in cerebral lactate levels among the pups.
I
The calculated cytoplasmic NAD/NADH ratio is also recorded in Figure 2 . During the fetal period and at 3, 6, and 9 hr of 61 rr ore neonatal life, this redox ratio tended to be more oxidized in pups I of starved mothers; however, this reached statistical significance only at 3 hr of age. Cerebral Tricarboxylic Acid Cycle Intermediates (Fig. 3) . As seen in Figure 3 , fetal and neonatal intracerebral citrate levels were stable during the first neonatal day and unaffected by prior maternal fasting. Control pups maintained constant a-ketoglutarate levels during fetal and neonatal life. In contrast, a-ketoglutarate concentrations were significantly elevated among pups of starved mothers, both during fetal life and all periods of neonatal fasting.
The malate-oxaloacetate equilibrium apparently reflects the relationship in redox state noted above. Fetal malate concentrations were not changed during maternal starvation; however, after birth and neonatal fasting for 3 and 9 hr, intracerebral malate values were significantly depressed. In contrast, reciprocal changes were noted across the malate-oxaloacetate equilibrium because the calculated oxaloacetate concentrations were significantly elevated in pups from starved mothers during both fetal and neonatal life.
Cerebral Amino Acids (Table 2) . Because pyruvate, oxaloacetate, and a-ketoglutarate concentrations were elevated at various periods after maternal starvation, the amino acids which may contribute to these intermediates by transamination reactions were determined. In control dogs after birth, intracerebral alanine concentrations declined at 3 hr of age and remained stable throughout the day. Cerebral alanine levels were not affected by prior maternal starvation and demonstrated a similar postnatal pattern as that in control pups. Cerebral aspartate concentrations appeared to be elevated during fetal and neonatal life in pups of starved mothers, but this difference reached statistical significance only at 3 and 6 hr of age.
Among control pups, cerebral glutamate concentrations declined after birth and thereafter stabilized during the period of neonatal fasting. As with alanine, prior maternal starvation had no affect on glutamate levels nor on the equivalent postnatal decline of this amino acid's intracellular concentration. Glutamine concentrations declined after birth in control pups, reaching a steady state level by 6 hr of age. After maternal starvation, however, fetal cerebral glutamine concentrations started significantly lower at birth and continued to be depressed at 3. 6, and 9 hr of neonatal life. (Fig. 4) . As reported in Figure 4 , prior maternal starvation and postnatal adaptation had no effect on cerebral creatine phosphate, ATP, or ADP concentrations. AMP concentrations declined during the day in control pups, whereas levels among pups of starved mothers remained unchanged. The calculated cerebral energy charge also was unaffected during the postnatal adaptive periods of fasting or by maternal starvation. Nonetheless, the postnatal increase of the calculated energy reserve was affected in pups of starved mothers. In control pups the energy reserve increased after birth and
High-Energy Phosphate Compounds
FETAL AND NEONATAL METABOLISM AFTER MATERNAL STARVATION 863
Phosphocrea t~n e clined and were equivalent in both groups, whereas pups from 7 5 starved mothers demonstrated attenuated plasma levels of free fatty acids at 3 hr of age. Intrauterine growth-retarded human 4 5 neonates also have demonstrated a relative attenuation of free fatty acid levels after birth ( I I). In the present model, within 3 hr 15 of birth, pups developed significantly lower blood glucose and plasma free fatty acid concentrations. These metabolic changes 2 0 have occurred spontaneously as part of the postnatal response to Cerebral glucose concentrations paralleled the postnatal changes of blood glucose in both control and experimental pups. 10 Because experimental pups experienced lower blood glucose concentrations, this resulted in a significant depression of cerebral glucose levels from 3 to 9 hr after birth in pups of starved mothers.
10
Although the fetal cerebral to blood glucose ratio was identical in both groups, this ratio became significantly elevated in pups of 0 5 starved mothers at two time periods during neonatal fasting.
Because the reduced provision of substrate for cerebral glycolysis 0 1 may have limited flux through this pathway, such an altered ratio may have reflected diminished cortical glucose utilization (28) . 30 Such a supposition would have to assume that glucose transport during insulin induced hypoglycemia in the ovine fetus (27) and Fig. 4 . Cerebral high-energy phosphate compounds (pmoles/g) and murine and human adults (34) , in that cerebral glucose utilization calculated energy charge and reserve (mean * S.E.). 0, control pups; &A, declined as the blood glucose concentration was lowered. This prior maternal starvation. Numbers in parentheses, number of pups.
supports the suggestion that cerebral glycolytic flux was possibly diminished in pups subjected to prior maternal starvation.
After birth, the newborn dog increased its cerebral glycogen maintained this value throughout the day. In contrast, subsequent content. Similar observations have been noted after birth in to maternal starvation. there was no elevation after birth because newborn rats (21) . Subsequent to maternal starvation, newborn the calculated energy reserve was lower during 3, 6, and 24 hr of dogs demonstrated a transient increase of glycogen at 3 hr; howneonatal fasting. ever, at 6 and 24 hr cerebral glycogen content became significantly DISCUSSION lower than that of controls. This suggests a temporary increase of net cerebral glycogen synthesis followed by longer periods of diminished synthesis and/or enhanced glycogenolysis in newborn CIRCULATING FUELS pups after maternal starvation. Other investigations have noted During mammalian fasting, alternate fuels such as free fatty diminished cerebral glycogen content after insulin induced neoacids and ketones are mobilized and provide as substrates to natal h~~" g l~c e m i a in rats (9) and (I6). Of particular support oxidative metabolism (29) . Because free fatty acids are interest in the present investigation was the elevated levels of not taken up by ovine fetal (27) , human neonatal (22), or adult cerebral UDP-glucose noted during fetal and most of neonatal life brain (32), this alternate fuel cannot directly affect cerebral me-in PUPS mothers. As UDP-glucose concentrations detabolism during periods of Ketones, however, may be dined during periods of active glycogen synthesis in the rat liver taken up and utilized by the fetal (3), neonatal (221, and adult (I4) and both neonatal and adult rat brain (7, 21) . these data human central nervous system (32). Despite this utilization of suggest that net glycogen synthetic activity was diminished in the ketone bodies, the central nervous system requires a continuous fetus and pups of provision of glucose as a substrate for energy production, thereby
CEREBRAL AMINO ACID A N D RELATED INTERMEDIATES
obligating a continuous, albeit diminished, hepatic glucose production. To spare glucose for the central nervous system, periphAt various time periods, cerebral pyruvate, a-ketoglutarate, and era1 glucose utilization is reduced by the oxidation of free fatty calculated oxaloacetate concentrations were elevated in pups of acids or ketones (29) . starved mothers. Each of these intermediates partakes in transaOnce born, pups of starved mothers developed significantly mination reactions which are capable of occurring in neonatal lower fasting blood glucose concentrations at 3, 6, 9, and 24 hr of brain. These reactions are able to draw upon the large pool of age. Similar observations have been reported for human infants cerebral amino acids, thus providing additional endogenous subafter intrauterine growth retardation due in some circumstances strates for cerebral oxidative metabolism. During insulin-induced to maternal nutritional deprivation (I I). As expected, starvation hypoglycemia in adult rats, cerebral oxygen consumption usually produced elevated maternal and fetal levels of free fatty acids and remains unchanged or declines minimally compared to the markketone bodies. After birth, total ketone body concentrations de-edly reduced rate of cerebral glucose utilization (30) . Under these conditions. additional circulating alternate substrates are not taken up by the brain, thereby necessitating the oxidation of endogenous substrates to maintain ongoing cerebral energy production (23. 24. 30) .
In pups of starved mothers, cerebral pyruvate concentrations were significantly elevated at 3, 6, and 9 hr of life, whereas lactate levels were unaffected. The calculated elevation of the cytoplasmic NAD/NADH redox state at 3 hr of age suggest that the cytoplasm was more oxidized in these pups. This redox relationship may also be reflected in the malate-oxaloacetate equilibrium. In pups of starved mothers, measured cerebral malate concentrations were depressed at 3 and 9 hr, whereas calculated oxaloacetate values were elevated throughout the study period. The oxidized nature of the cytoplasm in these pups suggests diminished flux through the cytoplasmic energy producing pathways which also generate NADH (34). As suggested above, this may be due to diminished glycolytic flux during periods of low cerebral glucose concentrations in pups of starved mothers.
Cerebral glutamine concentrations were significantly depressed during fetal and after 3, 6, and 9 hr of fasting in pups of starved mothers. After conversion to glutamate, glutamine carbons may enter the tricarboxylic acid cycle by way of transamination or by oxidative deamination of glutamate to a-ketoglutarate and contribute to net cerebral energy production. The diminished glutamine concentrations and simultaneously enhanced a-ketoglutarate values suggest increased flux through these pathways. Similarly, once glutamine is converted to glutamate, the transamination reaction:
Glutamate + oxaloacetate = aspartate + a-ketoglutarate may result in an elevation of cerebral aspartate levels (34) . An elevation of cerebral aspartate levels was observed in pups of starved mothers at 3 and 6 hr of age. Insulin-induced hypoglycemia in neonatal (10) or adult rats (23) produced similar reciprocal changes in cerebral glutamine and aspartate concentrations. In addition. glutamate concentrations also declined, but this was not constant in each age group studied (10) .
Once glutamine carbons enter the tricarboxylic acid cycle, they may be oxidized and converted to oxaloacetic acid. At this point if no further reaction occurs, oxaloacetic acid may accumulate, and continued energy production would cease. As glycolytic flux may be diminished, a deficiency of acetyl-CoA to combine with oxaloacetic acid for the formation of citrate may occur. This relative deficiency of acetyl-coenzyme A (acetyl-CoA) may also result in elevated oxaloacetate levels. Intracellular citrate concentrations were equivalent in both groups, suggesting that there was an additional pathway providing carbons for acetyl-CoA production. Cerebral ketone oxidation may provide carbons for acetylCoA production (3). However, the contribution of ketones to cerebral oxidative metabolism was probably minimal, as their plasma concentrations remained low during the period of neonatal fasting. One potential reaction is for oxaloacetic acid to be converted to PEP by way of pyruvate carboxylase (34) . Subsequent conversion of PEP to pyruvate and pyruvate to acetyl-CoA, may enable the complete oxidation of these carbons derived originally from endogenous amino acid precursor substrates (34) . Aside from the altered NAD/NADH ratio shifting the lactate-pyruvate equilibrium toward pyruvate, the elevation of cerebral pyruvate and PEP concentrations may reflect increased flux through the previously discussed alternate pathways involving these intermediates. An additional contributing factor explaining the elevation of PEP may also include the possibility that enzymatic regulation was operating on pyruvate kinase. which potentially may be one ratelimiting glycolytic enzyme in cerebral (25, 33) and other (6) tissues.
CEREBRAL ENERGY METABOLISM
Prior experiments with insulin-induced hypoglycemia in neonatal (9) and adult rats (24) have demonstrated preservation of cerebral oxygen consumption. ATP, and creatine phosphate levels during periods of moderate hypoglycemia (24) . With severe hypoglycemia (cerebral glucose < I pmole/g), ATP and creatine phosphate levels declined, suggesting an imbalance between en-. . ergy production and utilizat6;. ~G e r t h e l e s s , before this state. cerebral levels of high-energy phosphate compounds were preserved (19. 24) .
During the periods of hypoglycemia, the pups of starved mothers maintained normal control levels of cerebral ATP and creatine phosphate. Similarly, prior maternal starvation and the subsequent fasting neonatal hypoglycemia had no effect on the cerebral energy charge. If cerebral cortical glycolytic flux had diminished in these pups, as reflected by decreased cytoplasmic NADH generation and altered cerebral to blood glucose ratio, an alternate source for energy production must have been provided to maintain the energy charge. Assuming no alteration of cerebral oxygen consumption. then alternate fuels need to be oxidized within the mitochondria by way of the tricarboxylic acid cycle. The changes in cerebral glutamine, aspartate, oxaloacetate. and a-ketoglutarate suggest that the relatively large pool of cerebral amino acids, in particular glutamine, were being oxidized to support cerebral energy requirements (10, 19, 23, 30) .
The calculated cerebral energy reserve, however, was not similar to control values at 3, 6, and 24 hr of age. This may reflect diminished net glycogen synthesis with ongoing glycogen consum~tion. but also mav result from lower cerebral glucose concentratibns. Nevertheless: despite the ability of the nveonatal canine brain to maintain the energy charge during hypoglycemia, the net synthesis of glycogen depots appears to be inhibited relative to control pups.
CONCLUSION
Maternal canine starvation for 72 hr before birth results in significantly lower neonatal blood glucose concentrations during fasting for 3 to 24 hr. Neonatal cerebral glycogen synthesis at times may be inhibited whereas cerebral amino acids. specifically glutamine, may enter the mitrochondrial oxidative pathway to maintain the energy state of the brain. Although energy production seems unaffected and cerebral function appeared normal. it is possible that this is at the expense of synthetic processes, exemplified by diminished postnatal glycogen deposition.
